The light dependent energization of the thylakoid membrane was analyzed in isolated intact spinach (Spinacia oleracea L.) chloroplasts incubated with different concentrations of inorganic phosphate (Pi). Two independent methods were used: (a) the accumulation of [14C]5,5-dimethyl-2,4-oxazolidinedione and [14C] methylamine; (b) the energy dependent chlorophyll fluorescence quenching. The inhibition of CO2 fixation by superoptimal medium Pi or by adding glyceraldehyde-an inhibitor of the Calvin cycle leads to an increased energization of the thylakoid membrane; however, the membrane energization decreases when chloroplasts are inhibited by suboptimal Pi. This specific 'low phosphate' effect could be partially reversed by adding oxaloacetate, which regenerates the electron acceptor NADP+ and stimulates linear electron transport. The energization seen in low Pi is, however, always lower than in superoptimal Pi, even in the presence of oxaloacetate. Energization recovers in the presence of low amounts of N,N'-dicyclohexylcarbodiimide, which reacts with proton channels including the coupling factor 1 ATP synthase. N,N'-Dicyclohexylcarbodiimide has no effect on energization of chloroplasts in superoptimal Pi. These results suggest there is a specific 'low phosphate' proton leak in the thylakoids, and its origin is discussed.
However, five-sixths of the DHAP must remain in the chloroplast to regenerate the C02-acceptor, ribulose 1,5-bisphosphate. An excessive phosphate supply depletes the stromal metabolite pool and prevents ribulose 1,5-bisphosphate regeneration. On the other hand, low phosphate decreases the export of DHAP and inhibits photosynthesis.
In intact cells the exported DHAP is converted to sucrose in the cytosol, releasing Pi which returns to the chloroplast. It has been shown that phosphate flow can limit C02-fixation in leaves under several experimental conditions, including the 2Abbreviations: PGA, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; DMO, 5,5-dimethyl-2,4-oxazolidinedione; DCCD, N,N'-dicyclohexylcarbodiimide; qE, nonphotochemical Chl fluorescence quenching; CF, coupling factor. induction phase of photosynthesis (22, 23) , by changing the partial pressure of oxygen (19) or by feeding sugars like mannose, which sequester phosphate and cannot be metabolized (2, 9) . This decrease is thought to be a product of 'phosphate limitation' of photosynthesis. Conversely, feeding phosphate to the petiole of leaves stimulates photosynthesis in short time experiments (21) .
It is known that changes in the phosphate supply to intact chloroplasts will influence the stromal phosphate concentration (6) , but it remains unclear how this ultimately inhibits photosynthesis (25) . In the following study we have addressed one aspect, namely, how does the Pi concentration in the medium affect energization of the thylakoid membrane. This energization is the result of a balance between the proton gradient forming reactions of electron transport and the dissipating reactions, e.g. ATP synthesis. Low Pi might be expected eventually to restrict the ATP synthase, which would lead to increased net energization. On the other hand, decreased utilization of proton gradient and associated inhibition of photosynthesis could deprive electron transport of its terminal acceptor, NADP+, leading to decreased electron flow, proton pumping, and energization.
Two groups have previously investigated the effect of low Pi on thylakoid energization with contradictory results. Furbank et al. (4) employed the nonphotochemical fluorescence quenching (qE) and 9-aminoacridine fluorescence quenching as independent measures for the thylakoid ApH. They observed a lower qE in low and high phosphate, but they could not detect any changes of the 9-aminoacridine signal under these conditions. However, their measurements of qE sometimes included other components which are known to contribute to the nonphotochemical quench (12, 13) and the physical basis for the quenching of 9-aminoacridine fluorescence is still controversial. Giersch and Robinson (5) measured the thylakoid ApH with the DMO/methylamine-technique in optimal phosphate and without phosphate but without giving any statistical treatment of the results. They did not observe any changes of the stromal pH, but reported that the thylakoid pH decreased. We have therefore reinvestigated the effect of varying medium Pi on thylakoid energization, using both the DMO/methylamine technique (8) 
RESULTS
In a number of different chloroplast preparations we measured the effects of phosphate on photosynthetic oxygen evolution and the pH in the stroma and thylakoid space. The determinations were done by silicone layer filtering centrifugation using DMO and methylamine as probes (8) . As shown in Table I , the inhibition of photosynthesis caused by lack of phosphate was accompanied by a marked decrease of the ApH across the thylakoid membrane. This fall of ApH was mainly due to an acidification in the stroma, decreasing the light dependent alkalization of the stroma by one third.
As also shown in Table I (1 1). These components can be resolved by giving short (800 ms) pulses of saturating light, which reduce the PSII acceptor and transiently abolish photochemical quenching (18) . Thus the maximal fluorescence in the light (FmL) was determined in each time of the experiment. However it is known that the nonphotochemical quenching contains other components than the thylakoid energization (qE) (12, 18) . To differentiate qE from the rest of the nonphotochemical quenching the chloroplasts were darkened to collapse the pH gradient. The maximal fluorescence in the dark (FinD) was determined by giving short pulses of saturating light. Thus a plateau of the maximal fluorescence was reached after 30 to 60 s, which was lower than the initial maximal fluorescence. The qE was calculated from Fo, FnD, and F&L before darkening as described by Schreiber et al. (18) .
Two alternative approaches were made to confirm the qE determination: (a) DCMU was added to block electron transport at PSII by inhibiting the reoxydation of the electron acceptor. After a rapid initial rise of fluorescence due to the abolishment of the photochemical quenching, not resolved in Figure 2A , there is a gradual rise in fluorescence observed In the presence of 5 mM Pi the energy quenching was similarly high (Fig. 2C) , but it was very low in the absence of Pi (Fig. 2B) . In some chloroplast preparations, including those shown in Figure 2 , there was almost no energy quenching in limiting (low) Pi. In other preparations some energy quenching was present but it was always lower than in optimal or superoptimal Pi (for examples see below). A selective decrease of qE in limiting Pi was found at all light intensities from 70 to 500 ,umol . m-2 . s-' (data not shown).
Energy quenching of Chl fluorescence was also used to monitor changes of ApH during rapid transients (Fig. 3) . In Figure 3A , chloroplasts were illuminated with saturating light in the absence of added Pi. There was a short period of photosynthesis, until the small amount of Pi contaminating the solution was consumed. The rate of 02 evolution then fell to a very low level. Subsequent addition of0.44 mM Pi resulted in a rapid stimulation of 02 evolution and this was accompanied by a rapid increase of energy quenching, as earlier described by Furbank et al. (4) . When the Pi concentration was increased again to 2.4 mm to inhibit 02 evolution, energy quenching rose further. Chloroplasts were also illuminated without added Pi but with added DHAP (Fig. 3B) or PGA (Fig. 3C) . In both cases, subsequent addition of Pi to allow 02 evolution also led to a dramatic increase of energy quenching. It should be noted that this increase occurred with both of these substrates, irrespective of whether the required ATP/ NADPH ratio is high or low. In Figure 3D , chloroplasts were subjected to a rapid transition between suboptimal and superoptimal Pi. This transition was accompanied by a marked increase of the energy quench, even though 02 evolution remained unchanged.
Two explanations for this selective decrease of the ApH in limiting Pi are possible. (a) The high proton gradient can only be built up and is maintained in the absence of acceptor, if cyclic or pseudocyclic electron transport transfer protons without net oxygen production. One or both of these mechanisms could be inhibited in low phosphate so that a decreased proton gradient results. (b) There is a specific leak in the thylakoid membrane, which appears only under conditions of low phosphate. These two explanations are not mutually exclusive.
To check the first hypothesis we stimulated the linear electron transport by adding oxaloacetate to allow reoxidation ofNADPH via malate dehydrogenase. Oxaloacetate is rapidly taken up by chloroplasts and reduced to malate leading to a stimulation of oxygen evolution (Fig. 4A ). This increase is especially clear when the rate of linear electron transport was previously restricted by acceptor availability in sub-or superoptimal Pi. Adding oxaloacetate therefore overcomes any postulated restriction on electron flow, and will allow additional pumping of protons. At all Pi concentrations, adding oxaloacetate leads to increased energy quenching (Fig. 4B) . Thus in low Pi the acidification ofthe stroma space is reversed by addition of oxaloacetate. Similar results were obtained using the DMO technique (Table II) . But there is one aspect in Figure 4 which is not consistent with an inhibition of cyclic or pseudocyclic electron transport by Pi. It can be concluded from the oxygen evolution curves (Fig. 4A ) that the oxygen evolution in both sub-and superoptimal Pi is mainly due to oxaloacetate reduction, which does not consume any ATP. If we compare the qE in both these conditions with the qE in optimal Pi, when there are high rates of ATP consumption, the qE increases as expected in superoptimal Pi, but not in low Pi. Thus, proton translocation by the electron transport in the absence of proton consumption for ATP synthesis clearly does not increase the qE at low Pi to the same extent as it does at superoptimal Pi. From this observation we conclude that an inhibition ofcyclic or pseudocyclic electron transport is not the only factor involved in the low qE in suboptimal Pi.
The second hypothesis postulates a specific proton leak in the thylakoid membrane when Pi is low. We therefore carried out a series of experiments in which low concentrations of DCCD were added to block the CFo proton channel (Fig. 5) .
It is known that high concentrations of DCCD can uncouple thylakoids (15) , revealed by an increase of the fluorescence yield. We therefore selected a minimum concentration of DCCD to obtain a 80 to 90% inhibition of photosynthesis, recalibrating the amount added for each chloroplast preparation. When DCCD was added to chloroplasts in low Pi, a rapid and considerable increase of energy quenching resulted (Fig. SA) . As the Pi in the medium was increased (Fig. 5, B -E), adding DCCD had progressively less effect on energy quenching. At 3 or 5 mm Pi, when energy quenching was already high, no further increase occurred after adding DCCD. Ifchloroplasts were illuminated with DHAP (Fig. SF) or PGA (Fig. 5G) in the absence of Pi, addition of DCCD again led to a large increase of energy quenching. Fig. 1) . DCCD led to a small increase of the Fo and decrease of Fm (Fig. 5) Pi. This suggests that the level of energization, attained in superoptimal Pi is mainly determined by nonspecific leakage of protons back across the thylakoid. In contrast, DCCD led to a marked improvement of the poor energization found in chloroplasts in very low Pi. This suggests that the level of energization reached in low Pi is decreased by proton movement through a DCCD-sensitive channel. These experiments do not identify the particular proton channel involved, but it will need to be sensitive to the supply of Pi. One simple explanation would be that the CFI-CFo complex becomes leaky to protons when operating at low Pi and/or at the low ATP/ADP ratios which accompany low Pi in chloroplasts (4, 5) . This idea is supported by the observation that the ATP/O ratio in thylakoids declines with decreasing Pi (17) . In a study with isolated chloroplast coupling factors effects of Pi to the binding of nucleotides have been described (10) . However, further direct studies with coupling factor will be needed to test this explanation.
We conclude that low Pi affects the poising of reactions in the thylakoid, making it more difficult to maintain high i-O energization. These results were obtained in a simplified model system, and the precise mechanisms need further attention. Nevertheless, they have three interesting implications. First, falling stromal pH will restrict turnover of the Calvin cycle as Pi decreases (26) . Second, a falling pH gradient will also deactivate the ATP synthase (16, 24) , which would exacerbate any restriction ofATP synthase by falling Pi. Indeed, it would lead to lower rates ofATP synthesis, quite apart from any direct effect of low Pi on the rate of catalysis. Third, our results imply that falling rates of end product synthesis and availability of Pi may sometimes lead to decreasing energization in leaves, rather than an increase as has often been assumed (20) . As will be shown elsewhere using mutants of Clarhia xantiana, with reduced starch synthesis, the sudden imposition of endproduct limitation is indeed accompanied by a transient decrease of the thylakoid energization (Neuhaus, Kruckerberg, Feil, M Stitt, unpublished data).
